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Abstract
The recovery of spilled oil from water sources using hydrophobic porous absorbent has
gained significant interest due to the ease of implementation, large-scale adaptability, and robust
nature of the technique. However, the lack of biodegradability of these synthetic adsorbents has
caused concern of further contaminating the environment from the generation of microplastic
waste that is known to persist and accumulate in the marine food chain and other ecosystems. To
mitigate this potential hazard, a new biocompatible alternative is needed to replace the nondegradable synthetic materials currently used. This thesis presents ZEin-based Low Density
porous Absorbent (ZELDA), synthesized using a particle stabilized emulsion template, as a new
class of tunable naturally derived porous material for oil spill remediation. Zein nanoparticles
derived from corn are implemented to form and stabilize the oil-water pickering emulsion. The
polymeric zein added to the continuous phase enables the formation of a porous matrix through its
gradual phase separation. ZELDA's pore diameter, surface wettability, and oil absorption capacity
can be programmed by adjusting the Pickering emulsion's oil-to-water phase volume ratio (R) and
its selective surface functionalization using flaxseed oil. ZELDA's synthesis can be further
modified with iron oxide nanoparticles to elicit a magnetic response, which allows its contactless
maneuverability and recovery from the spilled site. The research outlines a new zein-based porous
material synthesis method and proposes a synthetic mechanism for controlled surface
functionalization, wettability, and responsiveness stimulation of the porous absorbent. Synthesized
plant-based porous adsorbents offer an eco-friendly alternative to commonly used nonbiodegradable oil sorbents for leaked oil remediation.
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Chapter 1. Introduction
The continuous annual increase in global fossil fuel usage has caused oil contaminants to
pollute the environment in the course of oil exploration (Abokyi et al. 2019), (Jernelv 2010; Beyer
et al. 2016), refining (Release 2019), and transportation (Board 2014). The spillage of petroleum
oil during any of the above processes is a primary component of on and offshore marine pollution.
The spilled oil easily spreads out into a thin film on the surface of the water due to the significant
difference in surface tension and mass density between water and oil (Gupta et al. 2015). Current
oil cleaning methods include the use of booms, chemical dispersants, gelling agents, in-situ
burning, biodegradation, and absorbents (National Academies of Sciences 2019; Omarova et al.
2019; Gupta et al. 2015). All these strategies, however, suffer from restrictions, such as long
cleanup periods, possible health risks to workers, and adverse environmental and ecological
impacts. Therefore, new eco-friendly materials for oil spill remediation need to be established
immediately, which not only allow the spill to be contained in place but also remain
environmentally friendly.

1.1. Motivation
The use of physical absorbents for oil spill cleanup is an effective and robust way to easily
extract oil from the spilled site (Bayat et al. 2005). The spilled oil is preferentially taken up in the
pores of an oleophilic absorbent for the process of oil separation by absorbents (Pham and
Dickerson 2014). Polypropylene-based absorbents are currently widely used for oil spill recovery
due to their hydrophobic nature, which allows selective oil absorption (G. Wang and Uyama 2016).
However, the use of synthetic plastic such as polypropylene as an absorbent presents the risk of
further contaminating the environment with microplastic waste (M. Sun et al. 2020). Microplastics
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are defined as micron-sized particles generated from the physical degradation of plastic waste
(Law and Thompson 2014). Due to the small size of plastic particles, aquatic animals can quickly
consume the microplastic and has become a major concern for the environment with growing
persistence in the food chain (Huerta Lwanga et al. 2017). Therefore, to prevent environmental
contamination, new biocompatible oil absorbents should replace the synthetic materials currently
used. Through the implementation of a bottom-up synthesis approach and following the Green
Chemistry guidelines, one can overcome the limitations of synthetic polymers (Anastas and
Eghbali 2010). We present such a synthetic strategy in this thesis, using zein as a primary precursor
for the development of a porous absorbent.
Zein is a prolamine (storage) protein located entirely in the endosperm of the corn kernel
comprising ~60% of the grain and is biocompatible, economical, and easily obtainable as a byproduct of the dry or wet milling processing of corn (Paraman and Lamsal 2011; Dong, Sun, and
Wang 2004; Shukla and Cheryan 2001). Due to the low water solubility and unbalanced amino
acid profile, Zein is considered a disposable protein, which makes human digestion difficult
(Shukla and Cheryan 2001). Zein has been recognized in the field of tissue engineering as a
biodegradable scaffolding material. Various techniques such as porogen leaching, gas foaming,
and freeze-drying have been used to synthesize porous zein materials for tissue scaffolding
(Pedram Rad, Mokhtari, and Abbasi 2018; Lian, Liu, and Meng 2019; Vogt et al. 2018). These
methods, however, require energy-intensive synthetic processes and do not provide immediate
control over the responsiveness of the stimuli, surface chemistry, and wettability of the previously
synthesized porous materials. The limited solubility of zein causes significant issues when
emulsion templating, and it has been previously unachievable to produce a porous structure from
this method.

2

1.2. Emulsions
Emulsions are colloids in which one phase is dispersed in the next phase. The scattered
phase is called the internal phase, while the external is referred to as the continuous phase. Either
of the two immiscible liquid phases must be dispersed into the other as small droplets to classify
the solution as an emulsion. In our everyday lives, emulsions can be found in things such as
mayonnaise, paints, pharmaceuticals, etc.(Laredj-Bourezg et al. 2017; Silverstein 2014a;
Calabrese et al. 2018). The creation of an emulsion is non-spontaneous; it requires energy in the
form of mixing to break down the liquid interface and form dispersed droplets in one of the two
phases. Mixing may be achieved easily by hand-shaking the mixture or by using high-speed
stirrers. The addition of a surfactant helps to reduce the energy at the interfaces and allows smaller
droplets to be formed (Silverstein 2014b). To prepare a simple oil-water emulsion, water, oil,
surfactant, and energy are required. The formation, type, stability, and properties of the emulsion
play a significant role in each of these components. The resistance in phase separation (stability)
is generally due to the presence of surface-active agents at the interface of the two phases.
Emulsions are usually characterized by the size of the particle in the dispersed phase and
categorized as either macro, micro, or nanoemulsions (McClements and Jafari 2018). The
emulsion is classified as a macroemulsion when the size of dispersed droplets are in the range of
1 - 100 nm, microemulsions can be classified in the same rang however normally range from 10 –
50 nm (Slomkowski et al. 2011), and are kinetically stable. Simple emulsions are
thermodynamically unstable due to the interfacial tension between the two phases, i.e. water and
oil. The result of this is phase separation and the destabilization of the emulsion generates the free
energy needed to balance the interfacial tension.
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Figure 1.1. Schematic representation of a simple oil-water emulsion destabilization mechanisms

In general, emulsions are only kinetically stable and can therefore destabilize (i.e., phase
separate) in several ways, such as sedimentation, creaming, aggregation, and coalescence Figure
1.1. Sedimentation and creaming can occur when there is a significant difference between the
density of the dispersed and continuous phases. These two mechanisms of physical instability
result from external gravitational or centrifugal forces pulling either upwards or downwards the
dispersed phase. Creaming occurs when the dispersed phase is less dense than the continuous phase
4

resulting in the emulsion droplets settling at the top of the continuous phase, and sedimentation is
seen when the dispersed phase is denser than the continuous phase causing the droplets to sink
(Prakash and Gnawali 2003). At low concentrations, the rate of sedimentation can be modeled
using stoke’s law.
Surfactants play a vital role in an emulsion's morphology and are used to overcome the
energy requirements needed for emulsification and reducing destabilization of the emulsion.
Surfactants are surface-active agents that are adsorbed at the oil-water interface. Molecular
surfactants are typically used as emulsifiers that operate by reducing the interfacial tension of the
oil-water and preventing the emulsion droplets from coalescing either by steric or electrical
double-layer repulsions (Ikem, Menner, and Bismarck 2010), (Low et al. 2020; McClements and
Jafari 2018). Surfactants can also form an interfacial film around the droplet, acting as a physical
barrier preventing destabilization mechanisms such as coalescence, flocculation, and
sedimentation from occurring. The ability for these surfactants to adsorbed at the interface is due
to the nature of their chemical structure. Generally, surfactants are amphiphilic, consisting of both
a non-polar hydrophobic tail and a polar hydrophilic core (water-loving). These characteristics
align the surfactant molecules at the oil-water interface in their respective soluble phases until the
critical micelle concentration (CMC). At CMC, the surfactant molecule starts to form micelles
around the dispersed droplets lowering interfacial energy. Surfactants are commonly classified
based on the charge of the molecular head group which effects the molecules solubility in an
aqueous solution and are generally classified as either Ionic or Nonionic. However, due to small
adsorption-free energy, surfactants can gradually desorb from the interface, making the emulsion
unstable, notably during the continuous phase gelation/polymerization (Yongmin Zhang et al.
2016; Pradilla et al. 2016; R. Wang et al. 2020), which is discussed in the next section.
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1.3. Emulsion templating
Emulsion templating is a well-established process in which a fluid-to-gel phase transformation
is performed by the continuous phase while retaining the dispersed phase morphology. The use of
emulsion templating is one method, among many, for creating macroporous and mesoporous
materials. Emulsion templating is a competitive method for the creation of porous polymer
structures due to the low energy requirements and applicable biocompatibility(Liu et al. 2019). At
low temperatures porous structures like synthetic bones (Ravikrishna, Ren, and Valsaraj 2006), oil
adsorbents (A. Zhang et al. 2013), or porous catalytic pellets (Ravikrishna, Green, and Valsaraj
2005) have been researched. Micrometer-sized oil droplets encapsulated in an aqueous shell
constitute the biliquid emulsion (Sebba 1987).
There has been growing interest in the use of amphiphilic solid nanoparticles (NPs) to generate
emulsions, specifically for High Internal Phase Emulsion (HIPE) (Silverstein 2014a). The resulting
emulsion is classified as a Pickering emulsion with improved stability from the particle-stabilized
interface. This interfacial binding of particles is helpful when making polymer structures from
emulsion templates (Feng and Lee 2016) (Lee et al. 2018) (Zou et al. 2015). The essential
characteristics of a Pickering emulsion, such as type of emulsion, stability, and size, are explicitly
governed by the wettability of particles (Briggs et al. 2018; D. Wang et al. 2020). Although these
properties can be tuned by modifying the surface chemistry of synthetic particles, their
environmental effects and biocompatibility remain under scrutiny (Prata et al. 2020; GálvezVergara, Fresco-Cala, and Cárdenas 2020; Lu et al. 2020). Plant-based colloidal particles have
recently been used as a biocompatible and renewable alternative to conventional synthetic particles
for biomedical and environmental applications (Ago et al. 2016; X. Chen et al. 2019; Feng and
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Lee 2016; Bizmark, Du, and Ioannidis 2020; Vemula and John 2008; T. Zhang, Zhao, and
Silverstein 2020; X. H. Chen and Tang 2021).
The most common way of generating these amphiphilic NP for HIPE has been surface
modification using physical and/or chemical interactions (T. Zhang et al. 2019). These
nanoparticles can serve as cross-linking centers for HIPE templating and can also be used to alter
the mechanical, electrical, or magnetic properties (Y. Zhu et al. 2014). A number of NPs have been
used to stabilize HIPEs through electrostatic interactions, including metal, ceramic, and polymer
(Kim et al. 2017).
The binding energy required for a solid particle to form interfaces between the continuous
and dispersed phase commonly referred to as detachment energy ∆E, and is expressed as (Carrillo
and Dobrynin 2012):
2
∆𝐸 = 𝛾𝑂𝑊 𝜋𝑅𝑠𝑝ℎ𝑒𝑟𝑒
(1 − |𝑐𝑜𝑠𝜃|)2

(1)

γOW is the measured interfacial tension between the dispersed and continuous phase (oil and water
respectively), Rsphere is the radius of the spherical particle, and θ is the three-phase contact angle.
The three-phase contact angle is the intersection area between the three components dispersed,
continuous and solid particles. Equation (1) can only be used to measure the detachment energy of
a spherical nanoparticle. For a solid particle to be used as a stabilizer in a Pickering emulsion, it
must have the following properties: partially wettable in the dispersed and continuous phases, this
ensures that the particles are insoluble in either phase; The surface charge must not be too large
to repel each other instead of strongly adsorbing the interfaces of the two immiscible liquids, and
the particle size should be much smaller than the ideal emulsion size (Low et al. 2020).
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Figure 1.2. Schematic representation of solid particle with varying wetting contact angles at the
oil-water interface, (a) θOW < 90°, (b) θOW > 90°

Porous polymers can be generated using emulsions as a templating matrix. The templating
emulsion is prepared by combining a continuous and dispersed phase, usually containing
monomers and emulsifiers. After the continuous phase has been polymerized and the internal
phase removed, the resulting product is a macroporous polymer that is characterized by high
porosity and interconnectivity. The templated product preserves most of the emulsion volume and
mimics the emulsion morphology. Emulsions used in the synthesis of porous polymers typically
have a high internal phase ratio, meaning that more than 74 % of the volume is in the dispersed
phase. This high volume ratio leads to uniform-size spherical droplets that are closely packed.
Therefore, these emulsion templates are referred to as high internal phase emulsions (HIPEs), and
the products from these emulsion templates are referred to as high internal phase polymerized
emulsions (polyHIPEs).
Due to their high porosity, which is needed for nutrients to enter tissues and extract waste
products, polyHIPEs are excellent candidates as matrices for cell growth. PolyHIPEs have
been used as matrices where cells were grown on the surface of the porous polymer. It is essential
8

that the materials of the polyHIPEs are compatible with the cells and that the degradation and the
environmental response of the polyHIPEs are determined by the material polarities.
Polycaprolactone (PCL) (W. Busby, Cameron, and Jahoda 2001) based polyHIPEs and poly(lactic
acid) (Wendy Busby, Cameron, and Jahoda 2002) based polyHIPEs were analyzed by Busby et al.
When placed in polar solvents, the two materials swelled, both polyHIPEs displayed
hydrophilicity, indicating they were ideal for tissue engineering. Skin cells were cultured on the
surface of the polyHIPEs, demonstrating the excellent biocompatibility of the polyHIPE matrixes,
the strong adhesion, distribution, and proliferation of cells, as well as their preserved
differentiation states. Ruckenstein et al. have researched the use of polyHIPEs in membranes. In
both instances, they prepared multiple composites of polyHIPEs through emulsion templating
containing monomers and used the composites for pervaporation. Styrene divinylbenzene (stDVB) polyHIPEs filled with polyacrylamide have been used for ethanol and water separation by
pervaporation (Ruckenstein and Park 1990). Due to the hydrophilic pore surface of the polyHIPEs,
they found elevated water penetration through the membranes. The membrane selectivity relied
on the composition and temperature of the feeding solution, and the overall selectivity was 50,
meaning the permeate water fraction was 50 times greater than that of the ethanol permeate.

1.4. Role of adsorbent
The capacity to absorb oil is defined as a physical and chemical process in which liquid
substances are attached to another solid material (Venkateswara Rao, Hegde, and Hirashima 2007).
This absorption phenomenon occurs when two immiscible phases come into direct contact with
each other causing an accumulation of one phase on the other in the interfacial region. This
accumulation continues until an equilibrium state is reached. In general, a high-performance oil
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adsorbent material contains properties including high hydrophobicity/oleophilic and low-density
(Sayyad Amin, Vared Abkenar, and Zendehboudi 2015). The oil uptake in porous absorbents is
driven by the capillary pressure (J. Wang, Zheng, and Wang 2012). The Young-Laplace equation
expresses capillary pressure, Δ𝑝𝑐 by the following expression. (Al-Biloushi et al. 2018)
Δ𝑝𝑐 =

2𝛾𝑐𝑜𝑠𝜃

(2)

𝑑𝑝𝑜𝑟𝑒

Where 𝛾 is the surface tension of the solvent, and 𝜃 is the contact angle of the oil on the
absorbent. The Langmuir model is a frequently used two-parameter model for evaluating oil
absorption on solids. It is represented as (Langmuir 1917; Ma et al. 2020)
𝛤𝑚 𝐾𝑐𝑒𝑞

𝛤 = 1+𝐾𝑐

(3)

𝑒𝑞

where 𝛤 is the amount of crude oil uptake by the absorbent, 𝛤𝑚 is the maximum oil uptake
capacity, 𝐾 is the equilibrium oil uptake constant related to the affinity between the oil and
absorbent, and 𝑐𝑒𝑞 is the amount of crude oil in bulk at equilibrium. The parameters absorption
capacity ( 𝛤𝑚 ), and its ability to immobilize liquids throughout its porous matrix are critical in
evaluating the efficiency of a porous absorbent. Adsorption can also be influenced by the
properties of the liquid phase, such as density and viscosity. These properties can affect the overall
uptake of the liquid during the adsorption process. One key advantage of liquid adsorbents is that
it is possible to embed multiple chemically reactive sites into or on the surface of the porous matrix.
These reactive sites can facilitate the separation and or purification of certain liquids: for example,
both cellulose sponges with TiO2 coating (H. Zhang et al. 2017), and polysiloxane coated wood
sponges (Guan, Cheng, and Wang 2018) have been used to separate oil from water. Liquid sorbent
uses vary from ordinary household spills to complicated ones such as cleaning/reclamation of
spilled water/oil and purification of organic products [60].
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1.5. Scope and proposed work
In this thesis, we exploit the biocompatibility and higher stability of the oil-in-water Pickering
Emulsions produced by Zein Nanoparticles (NPs). This method allows for the synthesis of ZEinbased Low-Density porous Absorbent (ZELDA), where the pore size and wettability can be
modified by varying the emulsions composition. Zein NPs are used to stabilize the emulsion, and
additional zein polymer is added in a continuous step, which eventually divides and forms the
continuous porous matrix of the ZELDA. The vol-% of hexane was systematically varied up to 93
vol-% to identify the optimum pore size for oil uptake for use in oil spill remediation and surface
roughness for increased hydrophobic characteristics. The effect of the relative quantities of the two
phases on the structural properties and porosity of ZELDA is studied. Fluorescent/brightfield
microscopy, Dynamic light scattering (DLS), Scanning Electron Microscopy (SEM), and static
contact angle measurements were performed to determine the effect of phase volume on ZELDA’s
porous structure. The ability to vary the morphology of ZELDA by the phase volume resulted in
an increase in hydrophobicity and oil uptake, suggesting that the pore structure plays a vital role
in the efficiency of the adsorbent.

To further improve ZELDA, we use flaxseed oil to functionalize ZELDA and show its
ability to absorb spilled oil and release it on demand during the regeneration process. The purpose
of this is to increase the hydrophobicity and oleophilicity to promote the efficient separation of oil
from water. To quantify the functionalization of ZELDA, UV absorption data was gathered to
determine the maximum absorbed amount of flaxseed oil. This is important when applying a
coating to porous materials due to over-saturated products blocking pore entrances. We further
highlight that the recovery of ZELDA from the water surface can be facilitated by the incorporation
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of a magnetic response in the product that we achieve by integrating NPs of iron oxide into the
ZELDA synthesis. The biocompatibility of ZELDA combined with its magnetic sensitivity lays
the basis for the creation of an oil sorbent that not only absorbs the spilled oil but also reacts to an
external stimulus for fast and effective removal.
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Chapter 2. Experimental Procedure
This section presents the synthesis and characterization of zeinNP and ZELDA. First, the
materials and chemicals that are used in the synthesis are introduced which is followed by the
synthesis techniques of the nanoparticles and ZELDA. Finally, the characterization techniques
performed on the nanoparticles and ZELDA are explained. The main objective of this research
project is to synthesize and characterize porous zein adsorbents to develop a model system which
could be further optimized for large scale oil spill cleanup applications.

2.1. Materials
Dry α-zein corn powder (22-24 kDa, purity ≥ 95%) was purchased from Sigma-Aldrich
and used for the synthesis of zein NP and ZELDA. The α-zein solution is referred to as p-zein in
the 4:1 ethanol-water mixture, where the protein resides in a fully dissolved polymeric state. Zein
nanoparticles (zein NPs), synthesized using casein sodium salt (VWR, purity ≥ 95%) and ethanol
(VWR, Purity 99.9%). Anhydrous hexane (Sigma-Aldrich, purity ≥ 95 %) and Triton X-100 were
used as emulsion dispersed-phase and nonionic surfactants, respectively. Glyoxal (40 wt-% in
H2O, VWR) was used in the emulsion template to cross-link free amine groups of the zein.
ZELDA's surface hydrophobization flaxseed oil containing 50% alpha-linolenic acid was
purchased from Sigma-Aldrich and used without further refinement.
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2.2. Synthesis of zein NPs
The synthesis proceeds by the precipitation of zein onto sodium caseinate in the aqueous
phase (Y.-C. Yin et al. 2013). To synthesize the nanoparticles, 6.0 g of zein was dissolved in 100
mL of 4:1 ethanol-water mixture (by volume) and equilibrated for 1 hour. The zein solution was
then added to 150 mL of deionized (DI) water containing 3.6 g of sodium caseinate with vigorous
stirring. The addition of water contributes to zein supersaturation in the solution, leading to zein
NPs being nucleated and growing. This nanoparticle dispersion was then put at 45 °C for 30
minutes in a rotary evaporator to remove the remaining ethanol from the mixture.

2.3. ZELDA emulsion template
ZELDA is synthesized using the emulsion template detailed in Figure 3.2. The oil-in-water
pickering emulsions are formed by the mixing hexane containing 0.5 % (by volume) of nonionic
surfactant Triton X-100, aqueous zein NPs, and zein polymer dissolved in a 4:1 ethanol-water
mixture. The oil phase was prepared as follows; 2.0 mL of Triton X-100 (nonionic surfactant) are
dissolved in 400 mL hexane. Hexane is used here as a model oil with a high vapor pressure that
enables rapid evaporation and the forming of ZELDA. Then the required amount of the hexane
solution is mixed with 1mL of the aqueous zein NPs pre-synthesized using the process explained
in section 2.2. The emulsion sample is then sonicated for 30 min and vortexed for 1 min to form a
stable emulsion. For our trials, we label our sample by their phase volume ratio, i.e., oil-water
ratio, and classify this term as (R). After the generation of the emulsion template, 0.5 g of glyoxal
(cross-linking agent) is added to 10 mL of emulsion sample to aggregate and interconnect the oil
droplets. In the final step, a polymeric zein (p-zein) solution is prepared by dissolving 20 g of zein
powder in 100 g of 4:1 ethanol-water mixture. Then, 2.0 mL of p-zein is added to 10 mL of the
aggregated emulsion prepared in the previous step. This aggregate emulsion and the p-zein mixture
14

are transferred to a 50 ml plastic sample vile. The vile is inverted, and the bottom of the vile is cut
open using a knife, leaving a ~2.0 cm hole. The sample is the place cap down and is dried in a
fume hood for 24 h, proceeded by full drying in a convection oven at 60 °C to acquire ZELDA.
The surface of the ZELDA is further hydrophobized for the oil uptake.

2.4. Dynamic Light Scattering (DLS)

Figure 2.1. Schematic of dynamic light scattering setup

Dynamic Light Scattering (DLS) is a light scattering technique widely used to characterize
nanoparticle systems in dispersions. A schematic of a standard DLS instrument is shown in Figure
2.1, with an illumination laser and single-mode detection path defined by the q-vector Eq 4. (Malm
and Corbett 2019) from the cuvette to the detector.
|𝑞| =

4𝜋𝑛
𝜆
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𝜃

sin( 2 )

(4)

The wavelength of the illuminating ray in the air is λ, n is the refractive index of the dispersion
liquid phase and, θ is the angle in free space between the laser and the direction of detection. As
light strikes small particles, it scatters in all directions; this is known as Rayleigh scattering. The
scattering intensity is recorded by the detector and applied to the Rayleigh scattering model shown
in Eq 5.
𝑟6

𝐼 ∝ 𝜆4

(5)

The scattering intensity I is proportional to the sixth power of the particle radius, r, for fixed
wavelength, λ. Since the laser is monochromatic and coherent, the amplitude of the dispersion
fluctuates over time. This fluctuation is due to small, suspended particles undergoing Brownian
motion. Over time, the distance between the dispersed particles in the solution varies continuously
and can be measured over time. DLS measures Brownian motion and relates this to the size of the
particles. Brownian motion is the random movement of particles due to the bombardment by the
solvent molecules surrounding them. Brownian motion is dependent on size, meaning larger
particles result in slower motion. The temperature must be constant, or non-random motions will
induce convection currents in the sample, disrupting the size measurements. These size
measurements are governed by the Stokes-Einstein equation Eq 6.
𝑘𝑇

𝑑(𝐻) = 3𝜋𝜂𝐷

(6)

Where d(H) is hydrodynamic diameter, D is the translational diffusion coefficient, k is the
Boltzmann constant, T is the absolute temperature, and η is the viscosity.
Here DLS was used to analyze the particle size distribution of the zeinNP using an
AntonPaar Litesizer 500 nanoparticle size analyzer. In a typical trial, the aqueous zeinNP are
diluted 20x using DI water for the final concentration of 1.0 mg/ml. Then a 1 ml sample of this
dilution is transferred to a plastic disposable cuvette, capped, then placed into the analyzer. Then
16

the sample was equilibrated in the analyzer holder, which time was determined by the analyzer’s
software KalliopeTM. All trials were conducted at 25°C and used KalliopeTM to determine the
hydrodynamic diameter of the particles, which were saved and transferred to Originlabs for
graphing.
2.5. Zeta Potential
The stability of a colloidal dispersion can be studied by calculating the zeta potential (ζp)
of particulate suspension, which is governed by the magnitude of the particle's surface charge.
Generally, when a suspension has a ζp value of > ±30 mV, the inter-particle interactions are
governed by electrostatic repulsion, which can be inhibited by high surface load and particle
aggregation. ζp measurements can range of -30 mV < ζp < 30 mV. When a particle possesses a low
surface charge, the attractive van der Waals force dominates the suspension mechanism and thus
results in a limited amount of aggregation in the scattered particles (Greenwood and Kendall 1999).
Here ζp was used to analyze the electric potential of the zeinNP using an AntonPaar
Litesizer 500 nanoparticle size analyzer in electrophoretic light scattering (ELS) mode. In a typical
trial, the aqueous zeinNP are diluted 30x using DI water for the final concentration of ~0.5 mg/ml.
Then a 300 µl sample of this dilution is pipetted to a glass omega cuvette, sealed with stoppers,
then placed into the analyzer. Then the sample was equilibrated in the analyzer holder, which time
was determined by the analyzer’s software KalliopeTM. All trials were conducted at 25°C and used
KalliopeTM to determine the ζp of the particle dispersion.
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2.6. Fluorescent/Brightfield Microscope
A Lecia LAS X widefield microscope was used to characterize the size and morphology of
the emulsion with fluorescent/brightfield microscopy. To prepare the emulsion for imaging, the
required amount of hexane is dyed using ~1 mg of Nile Red. The emulsion was then prepared as
explained in section 2.3, and 1 ml samples of the emulsion were diluted with 20 ml of DI water to
improve the image quality. The diluted sample is then pipetted on a slide modified with Teflon
tape around the area of interest to create a closed-cell preventing unwanted evaporation during
imaging. The samples were imaged in both widefield and fluorescent modes in sequence with each
other using the LAS X software. Then the images are overlayed in the process tab, and the light
thresholds are adjusted to reduce pixelated noise caused by the fluorescent image. The images
were then imported into ImageJ software(Rueden et al. 2017) as a standard .png image and
converted to an 8-bit format Figure 2.2 using the image conversion tab. The global scale was set
using the line tool and images scale bar for reference. To increase the contrast of the pores and
decrease the amount of noise analyzed, the threshold tool was used. The image was then inverted
to change the pores from white pixels to black for image analysis. The droplet diameter is
calculated by the plugin for the ImageJ Particle Analyzer. This plugin counts and measures the
size of the dark regions shown in Figure 2.2b using pixels as length reference. The research method
was carried out on at least five images at a given R, and the frequency distribution of the emulsion
droplet diameter was obtained for R = 5, 7, 10, and 15.
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Figure 2.2. (a) Example of brightfield image converted to (b) 8-bit color format for ImageJ for
particle analysis. (Holley et al. 2021) scale bars = 50 µm

2.7. Scanning Electron Microscope (SEM)
Sub-samples (1-3 mm lateral and 1-2 mm thick) were cut from the middle sections of
solidified ZELDA and prepared for SEM imaging using a QuantaTM 3D DualBeamTM FEG FIBSEM. The specimens were sputtered with platinum and held in place using carbon tape on a metal
slide. To describe the three-dimensional (3D) porous structure and morphology variations of
ZELDA at different oil-to-water phase-volume ratios (R), SEM image analysis was performed
(discussed below). SEM images were imported into ImageJ software(Rueden et al. 2017) as a
standard image and converted to an 8-bit format Figure 2.2. To increase the contrast of the pores
and decrease the amount of noise analyzed, the threshold tool was used. The pore diameter is
calculated by the plugin for the ImageJ Particle Analyzer. The research method was carried out on
at least five images at a given R, and the frequency distribution of the pore diameter was obtained
with R = 5, 7, 10, and 15 for ZELDA.
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2.8. Contact angle measurement
Hydrophobicity and hydrophilicity are two important surface properties for solid adsorbent
materials. The surface properties of a material can be quantified using contact angle values and
characterized as hydrophilic (contact angle < 90) or hydrophobic (contact angle > 90). Several
models have been suggested as basic principles for the study of the wettability properties of solid
surfaces. The contact angle of the liquid droplet on a smooth solid surface was calculated by
Young's equation (Low et al. 2020):
cos(𝜃𝑒 ) =

𝛾𝑆𝑉 −𝛾𝑆𝐿

(7)

𝛾𝐿𝑉

Where γSV, γSL, γLV are the interfacial surface tension values for solid (S), liquid (L), and gas (V),
respectively. Young's angle (θe) is the product of the thermodynamic balance of free energy at the
S-L-V interphase. However, surface roughness is a vital element in the wettability of the solid
surface. Considering surface roughness, Wenzel developed one of the first experimental models
using thermodynamic arguments to change the Young equation as follows:
cos(𝜃𝑊 ) = 𝑟 cos(𝜃𝑒 )

(8)

θw represents the apparent contact angle on the wetted surface, r is the roughness factor, which is
the ratio of the actual to the projected area of the rough surface. The fundamental principle in
Wenzel's theory is that the liquid flows into the rough features of the surface. Inversely, the solvent
may also be supported by the roughness of the surface to give rise to a hybrid surface, including
solid-liquid and liquid-gas.
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Cassie and Baxter derived a simple expression to incorporate surface roughness, which connects
the apparent contact angle (θC) to the solid surfaces area fraction (𝑓), and is expressed as (Cassie
1944):
cos(𝜃𝐶 ) = 𝑓 cos(𝜃𝑒 ) − (1 − 𝑓)

(9)

Figure 2.3. Diagram of a water droplet on rough surface exhibiting different states wettability (a)
Wenzel state, (b) Cassie state, (c) transitional state between Cassie and Wenzel.

In the Wenzel state Figure. 2.3a, the water droplet fully occupies the rough surface features
of the solid. A higher contact angle is often found since the magnitude of the roughness factor is
always greater than 1. In the Cassie state Figure. 2.3b, water droplets are typically known to be in
contact with the solid-liquid and liquid-gas hybrid surfaces. Any of the air or gas trapped below
the liquid drop will increase the contact area with the solid surface so that the f decreases, leading
to an increase in the contact angle. In addition, there are sometimes intermediate states in pragmatic
samples between the states of Wenzel and Cassie due to complex surface microstructures Figure.
2.3c (C. Zhang et al. 2013).
The wettability of ZELDA was determined by measuring the contact angle of water on
ZELDA pellets. The contact angle measurements were conducted using an Attention Theta optical
tensiometer (Biolin Scientific). The test system was comprised of a syringe, high-speed camera,
light source, sliding table, and computer analyzing system. The sessile drop measurement was used
to obtain the static contact angle by placing a controlled volume water (~2 µl) droplet on the
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sample's surface, and the value is measured by the camera system. Contact angle measurements
of ZELDA R = 0, 5, 7, 10, 15 were repeated on ten randomly selected areas. The mean value of
their contact angle was taken as the static contact angle of the samples. In addition, all tests were
carried out at room temperature (approximately 25 C).

2.9. UV-vis Spectroscopy
In the UV or visible regions of the electromagnetic spectrum, organic compounds with a
high degree of conjugation readily absorb light. Solvents for these assessments are either water for
compounds that are water soluble or ethanol for compounds that are organic. The absorption
spectrum of an organic compound can be influenced by solvent polarity and pH. The Beer-Lambert
law states that a solution's absorption is directly proportional to the absorbing species'
concentration in the solution and the length of the path. UV/Vis spectroscopy can be done using a
set path length to classify the absorber concentration in a sample. It is essential to know how the
absorbance shifts with increasing concentration. This can be measured precisely from a calibration
curve.

The approach most used to measure concentrations of an absorbing species in solution in
a quantitative way is Beer-Lambert’s law (Yang, Wang, and Deng 2015):
𝐼

𝐴 = − log (𝐼 ∗ 100%)

(10)

0

where A is the measured absorbance of light, 𝐼0 is the incident light intensity at a given
wavelength, 𝐼 is the transmitted intensity. The Beer-Lambert law specifies that there is a linear
relationship between the solution concentration and absorption, which makes it possible to
measure the concentration by measuring absorption.
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However, due to electrostatic interactions between molecules in close proximity, at high
concentrations (> 0.01M), deviations in the absorption coefficient are seen, which limits the
absorbance range from 0 – 1 AU.

Figure 2.4. (a) Calibration curve generated from known concentrations of flaxseed oil diluted with
hexane, (b) Absorbance spectra of flaxseed oil in hexane dilution evaluated at 230 nm (Holley et
al. 2021).

The absorbance of flaxseed oil in hexane solvent was determined using a NanoDropTM
2000 at λ = 230 nm. Four sample dilutions with increasing flaxseed oil in hexane of know
composition were prepared to generate the calibration curves are shown in Figure 2.4a. To analyze
the sample, 0.5 µl of the solution was pipetted to the analyzer stage, carefully closing the lid behind
to prevent the liquid droplet from falling. The Thermo Scientific NanoDrop TM 2000 software
interface was used to control the evaluation wavelength and record the data. Samples were
replicated five times to produce error bars, and the calibration curve was used to determine the
initial and final concentration of the flaxseed oil based on the analyte’s absorbance intensity Figure
2.4b.
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Chapter 3. Synthesis and Characterization of ZELDA
3.1. Mechanism of ZELDA formation
The zein-based low-density porous absorbent (ZELDA) is synthesized by an oil-in-water
templating emulsion, where the phase separation of the polymer zein in the continuous phase
promotes the creation of the porous material. The composition and properties of the ZELDA are
determined by the proportion volume of oil and water in the emulsion template. The ratio of the
phase volume is described as R = volume of the oil phase per volume of the aqueous phase. In our
tests, R is systematically varied for the range 0-15 for different samples of ZELDA. The emulsion
was generated using the method outlined in sec 2.3 to form a stable emulsion. The emulsion takes
on the structure of a “biliquid foam,” i.e., a polyaphron, where the dispersed oil phase is
encapsulated within the water film (Feng and Lee 2016). Polyaphrons are used for the synthesis
of ZELDA due to their superior stability over traditional emulsions, which is required for product
formation. The spherical zein NPs were synthesized with an average diameter of ~160 nm (Figure
3.1) using the previously developed method (Y.-C. Yin et al. 2013).
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Figure 3.1. (a) Schematic of zein NPs synthesis (b) Time-correlation function measured using
dynamic light scattering of zein nanoparticle in an aqueous dispersion. (c) zein nanoparticles size
distribution intensity determined from the time-correlation function in (a). The nanoparticle size
distribution exhibits a diameter of ~160 nm with a polydispersity index of ~0.1. (Holley et al.
2021)

The colloidal stability of the ZELDA templating emulsion at R = 5, 7, 10, and 15 were
determined by a shelf stability test. Three replicate 10 ml samples of the emulsion range above
were placed into 25 ml glass vials capped at ambient temperature conditions (25°C). The sample
replicates were measured weekly, recording their average droplet diameter and zeta potential
recorded over the course of 8 weeks. The samples showed < 1 vol-% of phase separation after the
8-week trial and a deviation of +/- 1.5 µm in droplet size, exhibiting a highly stable emulsion. We
will refer to this Pickering polyaphron dispersion as “emulsion” to simplify the nomenclature
(Figure 3.2d-i).
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Figure 3.2. Schematic representation for the synthesis of ZELDA (a) Aqueous dispersion of zein
NPs and hexane containing nonionic surfactant (Triton X-100) are mixed to form an oil-in-water
emulsion. (b-c) Schematic and brightfield-florescent overlaid microscope image of an emulsion
droplet showing the structure with an oil core and aqueous layer separated by a layer of zein NPs.
The hexane was pre-mixed with Nile Red dye, which appeared green in a fluorescent microscope
image. (d-f) Schematic, (g-h) microscope images of emulsion initially prepared at R = 7 diluted
20x with DI water for imaging purposes, and (i) photograph showing the transformation of the
emulsion into ZELDA. Glyoxal cross-links zein, which leads to the aggregation of emulsion
droplets. (h-i) The addition of the p-zein solution in 4:1 ethanol-water mixture plasticizes the
continuous phase and result in a porous matrix formation by gradual precipitation of p-zein.
(Holley et al. 2021)
The presence of glyoxal cross-links zein NPs covering the emulsion droplets by bonding
to the zein molecules exposed glutamine ends (Turasan et al. 2018). Zein arranges itself into dense
helical structures that are bound by the glutamine residues residing at the ends of the helices
(Momany et al. 2006). The cross-linking of zein forms a bi-layered structure that creates free
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volume between the stacks of zein (Turasan et al. 2018). Further investigation of the role of glyoxal
for the synthesis of ZELDA (Figure 3.2g-h) depicts a distinct difference in the spatial distribution
of the emulsion droplets. The emulsion droplet diameter is in the range of 1–10 μm in the absence
of glyoxal at R= 7, and the droplets remain in a dispersed state. The zeta potential of the emulsion
droplet stabilized by the zein NPs is -24.3 mV at pH 6.7, leading to an emulsion droplet with a
negative charge increasing the system's stability due to the electrostatic double-layer repulsions.
Stabilization phenomena have played a vital role in the physical success of formed emulsified
films against creaming or coalescence during film drying. The coalescence stability of the formed
emulsion is determined by the repulsive interactions between the oil droplet surfaces. The primary
influence of the inter-droplet repulsive interactions is the thickness of the stabilizing layer. Zein
NP absorption at the oil-water interface can increase the interface layer's thickness and strength,
preventing droplet flocculation and coalescence by a steric mechanism during the templating
process (L. J. Wang et al. 2013). As seen in Figure 3.2h, the addition of glyoxal contributes to the
aggregation of the emulsion droplets.

Scheme 3.1. Schematic representation of the cross-linking of zein protein by Glyoxal, leading to
the observed aggregation (interlinking) of the emulsion droplets. Here R’ represents the terminal
alkyl group of the amino acids forming the zein structure. (Holley et al. 2021)
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The effect of this droplet aggregation is the cross-linking of the zein NPs on the surface of
the adjacent emulsion droplets, which was not found in the absence of glyoxal. This zein crosslinking approach is known to improve the tensile strength of the zein(Shi and Dumont 2014;
Yuying Zhang, Yang, and Tang 2007; Kliegman and Barnes 1973), but for ZELDA, this crosslinking might further promote the creation of interconnected pores.
In the final step, ZELDA is synthesized in the continuous (aq.) phase of the emulsion by
the gradual precipitation of p-zein dispersed in the aqueous medium. For p-zein, water is a weak
solvent but will quickly dissolve in a 4:1 mixture of ethanol-water. In the continuous phase of the
Pickering emulsion, we take advantage of this trait of p-zein first to dissolve it, then slowly
evaporate the ethanol, which contributes to p-zein precipitation in the continuous medium and
ZELDA formation. ZELDA synthesis was conducted in the absence of zein NP; however, no
porous material formation was observed, likely due to poor emulsion stability in high ethanol
environments. Zein NP and glyoxal play are crucial elements in the synthesis of ZELDA.

3.2. Pore structure
ZELDA’s pore diameter is controlled by the phase volume ratio of the oil-to-water, R, of
the emulsion used in the templating process. As shown in Figure 3.2, we synthesize ZELDA with
an incremental increase in R from 0 to 15 and visually examine its pore structure using an SEM.
Samples of ZELDA were prepared as explained in section 2.4 for SEM. We observed samples of
p-zein that were not emulsion templated, R = 0 Figure 3.3a., and found no porous structure
formation, only a smooth continuous film(Y. Wang and Padua 2003). As the value of R is
increased, as shown in Figure 3.3b-d, ZELDA shows the existence of spheroidal pores within the
continuous matrix of zein. Further examination of the structure shows the presence of clustered
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pore structures not uniformly distributed. We can equate the nonuniformity of the pore structure
to the emulsion aggregation that is caused after the addition of glyoxal during the templating
process, as discussed in the previous section and shown in Figure 3.2e. The pore size distribution
of ZELDA was obtained through the analysis of SEM micrographs using the ImageJ software
detailed in section 2.7 Figure 2.3 (Rueden et al. 2017). We find that with increasing R, the average
diameter of the pore decreases (Figure 3.3e). This reduction is due to an increase in the
concentration of Triton X-100 surfactant in the mixture, which is known to regulate the size of the
droplets of the emulsion(Ravikrishna, Green, and Valsaraj 2005). The increased surfactant
concentration allows a greater interfacial region of oil-water to be stabilized, thus reducing the
emulsion droplet size. The reduction in the emulsion droplet size results in a decrease in the pore
size of the templated ZELDA and increasing the local surface roughness. This increase in surface
roughness may impact the material's apparent water contact angle(Cassie 1944).

Figure 3.3. (a-d) SEM images of pores in ZELDA at R = 0 (no visible pore), 5 (a, 𝑑 pore = 14 µm),
7 (b, dpore = 10 µm), 10 (c, 𝑑pore = 4.6 µm), and 15 (d, 𝑑 pore = 2.4 µm). Here 𝑑pore is the average
pore diameter obtained by fitting the experimental data with a log-normal distribution function
shown in (e). (e) Relative frequency of pores as a function of dpore and R. The average pore diameter
decreases upon increasing R, but the distribution of pore diameters is narrowed.(Holley et al. 2021)
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ZELDA's porous nature contributes to a major decrease in the material's mass density.
Using a model sample, we calculated the ZELDA density of R = 7. Measuring the length, width,
and height of the ZELDA sample using a Vernier caliper, the macroscopic volume of the slice was
calculated. The sample was then weighed, and mass per volume was calculated as the density.
ZELDA’s density at R = 7 is found to be~ 0.62 g cm-3, which is higher than conventional foams
but lower than nonporous polymeric materials and equivalent to that of other adsorbents of low
density(Johnson and Worrall 2007).

3.3. Hydrophobization of ZELDA
Adsorption of water into a zein film can be reduced by a controlled hydrophobization using
a drying oil such as flaxseed oil (Q. Wang and Padua 2005). The increase in hydrophobicity helps
to optimize the selective uptake of oil by ZELDA in an oil-water mixture because unfunctionalized
zein is hydrophilic and does not allow for a spontaneous surface wetting with oil (Santosa and
Padua 1999). To improve the absorption of oil using ZELDA, we use flaxseed oil which is natural,
biocompatible, and inexpensive to functionalize the surface of zein(J. Yin et al. 2017). Flaxseed
oil was used to increase the hydrophobicity of ZELDA via post synthesis surface coating. To do
this, we first created a stock coating solution containing 20 vol% of flaxseed oil-hexane. Then 10
ml of this stock was then transferred to a 25 ml glass vial. Next, a dried sample of ZELDA is
selected and fully submersed in the 10 ml of stock solution for 30 sec. The sample is then removed
and placed under a 25-watt UV lamp for 5 min to initiate cross-linking. The samples are then
placed back into the fume hood for 24 hrs to evaporate any residual solvents. This causes the αlinolenic acid in the flaxseed oil to polymerize on the surface of ZELDA(Q. Wang and Padua
2005). The diene group of linoleic acid in the presence of oxygen undergoes an autoxidation
(Schulz 1996).
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This autoxidation reaction generates a peroxide that is highly susceptible to cross-linking
with zein and leads to the formation of a film on the surface of ZELDA. We investigated the effect
of this surface coating on ZELDA and found there is no significant change in the porosity or pore
diameter, indicating that the thickness of the hydrophobic layer is significantly smaller than the
pore diameter Figure 3.4c-d.

Figure 3.4. Water contact angle on ZELDA (R = 7) at different degrees of flaxseed oil
functionalization. As the degree of functionalization is increased, ZELDA demonstrates an
increase in hydrophobicity. The inset images show a droplet of water on ZELDA with an
increasing degree of functionalization. The horizontal error bars are the standard deviation of the
degree of functionalization estimated for multiple replicates using UV-vis spectrophotometry and
a calibration curve (Figure 2.4). The vertical error bars in the contact angle for most samples were
less than the symbol size. (b) Amount of flaxseed oil adsorbed on ZELDA (R=7) as a function of
supernatant flaxseed oil concentration. (c-d) SEM images of non-functionalized (c) and
functionalized ZELDA plates (d). Functionalization of ZELDA does not result in any significant
change in pore diameter, indicating that the thickness of the hydrophobic layer is significantly
smaller than the pore diameter. (Holley et al. 2021)
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ZELDA's hydrophobization results in its preferential wetting with oil. The degree of
functionalization of ZELDA was calculated by the adsorption of flaxseed oil to the surface of
ZELDA. The functionalization of ZELDA was determined by the maximum adsorption of flaxseed
oil onto the surface of ZELDA. In a typical flaxseed surface coating, ZELDA samples of known
weight were placed in vials with an increasing known concentration of flaxseed oil diluted with
hexane and then equilibrated for 24 hours. The ZELDA samples were removed from the vials, and
the dilutions absorbance value was evaluated. The Langmuir model was implemented to determine
the maximum adsorbed amount of flaxseed oil on ZELDA. The maximum adsorbed volume of
flaxseed oil on ZELDA was 49 mmol g-1. The concentrations for the trials shown in Figure 3.4
were systematically varied using 49 mmol g-1 as a reference for a 100% degree of functionalization
of the flaxseed oil.

Figure 3.5. (a) Oil, (b) water contact angle on ZELDA at varying R. All samples 100%
functionalized with 49 mmol g-1 of flaxseed oil. (Holley et al. 2021)
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The water contact angle of the material with an increasing degree of surface
functionalization is calculated to measure the change in the wetting properties of ZELDA. For
ZELDA, the water contact angle increases from 50 ° to 130 ° with R = 7, and ZELDA switches
from hydrophilic to oleophilic with its flaxseed treatment. The effect of the pore structure on the
water contact angle of ZELDA is investigated further in Figure 3.4. We find that the contact angle
for R = 7 is maximum, which is the product of the transition from Wenzel to Cassie-Baxter wetting
regime caused by surface roughness (C. Zhang et al. 2013) Figure 3.5. For materials with variable
surface roughness, such transitions are well-known, as the air pockets between the surface peaks
and valleys drive an increase in the water contact angle of a porous material (C. Zhang et al. 2013).
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Chapter 4. Oil uptake/release and Disposal of ZELDA
We systematically calculated the isotherms of oil sorption from R = 0-15 to understand the
relationship between the pore structure of ZELDA and its corresponding oil absorption capacity.
To determine the oil uptake isotherm for ZELDA, multiple crude oil adsorption trials were
conducted using R = 0, 5, 7, 10, 15. First, a ZELDA pellet of known weight at a given R is
immersed in 25 mL of Louisiana sweet crude (LSC) oil for 30 seconds at 25 °C in a standard
experiment. The saturated ZELDA is then removed from the balance chamber, and the excess oil
on the ZELDA surface is removed by drip-drying. ZELDA drip drying is carried out by holding
the ZELDA sample over the oil bath for one minute to extract the residual excess oil from the
pellet. The LSC saturated ZELDA samples are then weighed, and the adsorption isotherm is
calculated using the Langmuir model. ZELDA shows an initial rise in oil absorption with R > 0
that remains constant as the volume of oil in equilibrium increases. We found as R is increasing,
the maximum oil uptake of ZELDA increased due to the increase in pore volume.
To determine the oil affinity and uptake capacity of ZELDA, we use a Langmuir model
(Section 1.4) at varying R values (Nikkhah et al. 2015), (Langmuir 1917; Ma et al. 2020). We find
that the nonporous zein (R = 0) can only absorb a small amount of oil, demonstrating the vital
function of ZELDA's porous structure in its capacity to absorb oil. For ZELDA synthesized at R >
0, the isotherms 𝛤 display a rapid increase in the amount of oil in equilibrium with increasing
equilibrium (Figure 4.1a). The rapid increase in 𝛤 is attributed to a strong attraction between the
crude oil and the pore-walls of ZELDA. The sample isotherms show an initial rise followed by a
plateau on the isotherm corresponding to the maximum oil uptake of ZELDA (𝛤𝑚 ). We find that
with increasing R, (𝛤𝑚 ) monotonically increases (Figure 4.1b).
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Figure 4.1. (a) Crude oil uptake isotherm on ZELDA at increasing R. The discrete points are the
experimental data, and the lines represent the best fit using the Langmuir model given in Equation
1. (b) Maximum oil uptake capacity (𝛤𝑚 ) (left ordinate) and calculated volume fraction (right
ordinate) in the emulsion used for templating ZELDA. The oil uptake capacity of ZELDA
increases with increasing R due to an increase in the net pore volume. (Holley et al. 2021)

This increase in (𝛤𝑚 ) is due to an increase in ZELDA's total pore volume, which is
dependent on the volume fraction of the emulsion oil phase used for the templating process (Figure
4.1b). ZELDA's oil absorption is driven by capillary pressure Δ𝑝𝑐 and can be described by the
Young Laplace equation (Section 1.4).
We find that as R is increased, 𝑑𝑝𝑜𝑟𝑒 exhibits a linear decrease from 14 µm (R = 5) to 2.4
µm (R = 15) as shown in Figure 4.2a. This results in an increase in Δ𝑝𝑐 from 3.0 to 32 kPa Figure
4.2b. This increase in 𝛤𝑚 upon decreasing, 𝑑𝑝𝑜𝑟𝑒 drives the oil uptake due to the narrow pores
having a wicking effect on the oil (Ge et al. 2018). ZELDA's maximum oil absorption capacity is
likely to be lower than that of some of the commercially available polymeric porous materials
(Bayat et al. 2005), but more work is required to better optimize ZELDA's internal structure and
surface chemistry for maximum oil absorption capacity.
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Figure 4.2. (a) Change in pore diameter (dpore) with increasing phase volume ratio (R). The black
dots are the experimental data, and the red line represents the best fit using a linear model. (b)
Calculated capillary pressure as a function of R. The capillary pressure is calculated by a linear
relation between R and dpore shown in (a). An increase in capillary pressure with increasing R is
attributed to narrow pore size at higher R. (Holley et al. 2021)
Due to its large total volume of pores, ZELDA pellets with R = 15 show the highest oil
uptake capacity. The mechanical strength of the ZELDA at large R, however, is greatly diminished
due to the increased pore volume due to the reduction in the thickness of the pore wall. This
reduction causes the material to become brittle, resulting in the deterioration of mechanical
strength. Due to this decrease in the mechanical strength at large R values, for our subsequent oil
absorption and removal tests, we opted to use R = 7.
ZELDA’s interconnected porous 3D structure with oleophilic properties are good qualities
of selective oil absorption from an affected spill site. In Movie S1 and Figure 4.3, we demonstrate
the oil/water separation capability of ZELDA. In a standard experiment, 1mL of crude oil was
spread in a petri dish on the surface of 25mL of water. Then a ZELDA pellet synthesized at R=7
was applied to the oil surface, and a digital camera tracked the shift in the condition of the oil.
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The oil floating on the surface of the water is readily consumed within a short period (~ 1 minute)
until ZELDA has been applied. ZELDA's porous nature helps the oil to be immobilized and
simplifies its recovery from the spill site.

Figure 4.3. (a-b) Schematic representation of the crude oil uptake and regeneration of ZELDA.
The Images in b show dry and oil-saturated ZELDA. (c) Uptake/Regeneration data collected from
modified ZELDA (R = 7) that underwent ten cycles of the method described showing the cyclic
reusability of ZELDA. (d-f) A sequence of photographs showing spilled crude oil cleanup process
using ZELDA. The spilled crude oil initially spreads onto the water as a thin film, and ZELDA
mounted on a metal rod instantly uptakes the spilled oil and leaves the oil-free surface. (Holley et
al. 2021)

The procedure of oil uptake and regeneration of ZELDA is shown in Figure 4.3a-b. We
systematically calculate oil uptake and release for several cycles in order to quantify ZELDA's oil
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uptake and regeneration capability. To regenerate oil-laden ZELDA, it is first placed into a
Büchner funnel atop a vacuum flask. A sink aspirator was attached to the vacuum flask and was
used for suction. The ZELDA samples were then rinsed down using a jet of DI water for roughly
2 minutes and placed in a low-temperature oven at 40 °C for 1 hour to assist with the drying of
water. The sample was then again measured for weight before repeating the procedure. Net oil
absorption is measured by calculating the dry and oil-saturated weight of ZELDA, and oil uptake
and regeneration are replicated over many periods. Figure 4.3c shows the amount of oil uptaken
and released for 10 cycles. We find that with each subsequent cycle, the oil uptake potential of
ZELDA starts to decrease progressively from the second cycle onwards. A combination of three
factors, namely oil retention in ZELDA, partial loss of surface flaxseed coating, and the collapse
of the internal pore structure, maybe the cause of the observed decrease in oil uptake capacity. The
obstructions to the pores resulting from any of the above issues will prevent further oil absorption,
reducing ZELDA's oil absorption capacity.

4.1. Magnetoresponsive ZELDA (magZELDA)
The motility and retrieval of ZELDA from a contaminated oil spill in a contactless
approach is extremely desirable but non-trivial. To provide such a contactless reaction, ZELDA
can be modified by adding ferrous oxide (Fe3O4) NPs during the product synthesis (Ludwig et al.
2014). The samples of ZELDA with the added Fe3O4 NPs are referred to as magZELDA. These
magnetically modified absorbents can be easily maneuvered using magnetic interactions Figure
4.2a-c, Movie S2. MagZELDA is synthesized in a similar manner as ZELDA; however, ferrous
oxide (Fe3O4) NPs are added during the product synthesis. In a standard trial, 10ml of R = 7
emulsions was transferred into a 25ml glass vial. Then in a separate container, 20mg Fe3O4 NPs
are added into 2ml of p-zein solution. Then 0.5ml of glyoxal is added to the emulsion, followed
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by the p-zein with Fe3O4 NP. The resulting solution was then left to dry, and the dried product's
surface was functionalized using the flaxseed coating outlined above. The mobility of MagZELDA
was tested by placing the adsorbent in water then using a rare earth magnet to direct and remove
it from the surface (Movie S2). Initially, the mass density of ZELDA was determined to be (0.62
g cm-3) and was used to calculate the maximum amount of Fe3O4 NPs (5 g cm-3) that can be
incorporated into the magZELDA sample. It was found that a Fe3O4 NP concentration of 8wt-%
would change the density of magZELDA to ~0.97 g cm-3 enabling the adsorbent to remain buoyant
on the surface of the water. It should be noted that these simple calculations ignore the effect of
the magnetic NPs on the adsorbents morphology and strength. Here we use the Fe3O4 NP at a
concentration of 1wt-%; this was used during our trials because it was the lowest concentration of
magnetic particles that would enable the contactless removal of oil-laden magZELDA. The
addition of these particles to the templating emulsion did not result in any abnormal drying during
the formation of magZELDA.

Figure 4.4. (a-c) Images showing the removal of oil from the surface of the water using
magZELDA. (d) The change in normalized surface area coverage by oil over time. The observed
decrease in the surface area highlights the ability of magZELDA to clean water surfaces
contaminated with spilled oil. (e) Oil-saturated ZELDA mounted to a wooden rod, (f) ZELDA
ignited from an external flame to determine fuel viability, (g) final ash-like structure remaining
after ZELDA is extinguished. (Holley et al. 2021)
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As shown in Figure 4.4a-c, the magZELDA was able to absorb crude oil from the water
surface and retain it in a solid matrix. To maneuver and remove the magZELDA from oil-rich
surface sites in a contactless manner, a rare-earth magnet is used, as shown in Figure 4.4c and
Movie S2. The oil uptake and product recovery of magZELDA can be quantified by calculating
the reduction in the surface area occupied by the crude oil Figure 4.4d. It was observed that
magZELDA of R = 7 could reduce the normalized oil surface coverage (ϕ) by ~80%. A long-term
stability test was conducted with oil-saturated ZELDA, which was observed to remain buoyant on
the surface of the water for more than 3 weeks. We assume that magZELDA's magnetic
maneuverability would allow the recovery of the oil-laden absorbent to be effectively removed,
restricting the capacity of uncollected adsorbents in the area. ZELDA’s ability to selectively uptake
oil, magnetically directed and remain buoyant, emphasizes the potential of zein porous materials
application in oil-spill remediation (Z. Sun et al. 2006; Q. Zhu, Tao, and Pan 2010; Pavía-Sanders
et al. 2013). ZELDA's high capacity for oil uptake and magnetoresponsive characteristics are
important for the recovery and reuse of ZELDA as a fuel source.

4.2. Disposal of oil-laden ZELDA
Oil-laden ZELDA itself has value as a fuel without the need for an oil regeneration stage,
and the recovered oil-saturated adsorbent can be directly burnt as a fuel. To determine the viability
of recovered ZELDA to be and used as a fuel source, an ignition test of oil-laden ZELDA was
performed Figure 4.4e-g. In a standard test, 1g of ZELDA, R = 7, was immersed and equilibrated
for 30 seconds in a beaker containing a known weight of crude oil. The sample was removed from
the oil allowed to drip dry then the weight of the remaining crude oil and oil-laden ZELDA were
recorded. The oil-laden ZELDA was then mounted to a wooden skewer and ignited using an open
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flame, where the total combustion time and final weight of magZELDA are recorded. The results
were then used to estimate the theoretical calorific heating values for oil-laden ZELDA. The
combustion of oil-laden ZELDA leaves behind a carbon-like structure. During the ZELDA fuel
viability test, it was determined that, after initial ignition of the sample, 1 gram of ZELDA oilladen synthesized at R = 7 would combust for ~32 seconds. Oil-laden ZELDAs combustion is
comparable to the combustion of coal dust, which can have a burn duration of 5-35 seconds per
gram depending on the particle size (Cloney et al. 2018). We estimate the caloric value of the oilladen ZELDA using each component's specific energy density and mass composition. Literature
reveals the energy density of the ZELDA precursors: zein (17.01 MJ kg-1), crude oil (42-47 MJ
kg-1), hard black coal (> 23,9 MJ kg-1), lignite brown coal (< 17,4 MJ kg-1). We estimate the energy
density of approximately 25 MJ/kg for ZELDA with R=7 on the basis of these values. This ZELDA
energy density value is equivalent to that of coal (17.4 - 23.9 MJ kg-1) and advocates its future use
as a fuel source. In addition, the combustion of oil-saturated ZELDA as a fuel bypasses the possible
risks associated with the processing and disposal of waste.
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Chapter 5. Conclusion and Outlook
In this thesis, we have introduced a porous low-density absorbent synthesized with plantbased polymer zein. The porous material ZELDA is synthesized with an oil-in-water templating
emulsion using zein nanoparticle and Triton X-100 to stabilize the emulsion droplets. The gradual
evaporation of ethanol solvent from the continuous aqueous phase results in the phase separation
of the pre-dissolved polymeric zein and the creation of an emulsion templating matrix. We
demonstrate that as the volume ratio of oil-to-water increases, ZELDA's pore diameter decreases
due to an increase in nonionic surfactant concentration in the dispersed phase. We observed
through a controlled functionalization of ZELDA that the synthesized porous material is further
hydrophobized using flaxseed oil for selective oil uptake. We found that ZELDA's oil absorption
capacity increases with the rising volume ratio of the oil-to-aqueous phase, which is driven by an
increase in the net pore volume. We prove that through the basic regeneration process, the ZELDA
can be cyclically reused and can be magnetically modified for contactless manoeuvrability and
elimination. An evaluation of the biocompatibility and degradability of ZELDA in the ecosystem
will require further studies. Our methodology overcomes the drawbacks of methods traditionally
used for the synthesis of porous zein materials to be resolved and provides control over the
wettability and magnetic susceptibility of the absorbent. This thesis lays the groundwork for the
usage of zein-based adsorbents for oil recovery applications.
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The purpose of this project was to create a model system to develop further and generate
porous zein structures. The following further studies are recommended to improve the
characteristics of porous zein.
•

Investigation of alternative oil phases:
While the final product of ZELDA is believed to be biocompatible, its current
method of synthesis still involves toxic chemicals such as hexane. We believe that hexane
is not necessary to generate ZELDA, and a similar, more eco-friendly oil could be used for
the emulsion templating. Hexane was used in these experiments due to its well-known
properties and to create a model emulsion template system to further develop and generate
porous zein structures for use in oil spill remediation. One major hurdle when generating
porous structures from emulsion templates is drying time. Hexane was used due to its high
vapor pressure. We believe that hexane can be replaced by a biocompatible essential oil
such as peppermint oil, orange oil, or cinnamon oil which would maintain similar vapor
pressures to that of hexane.

•

Optimization of uptake capacity
ZELDA currently does not have oil uptake as high as current polymeric porous
material used for oil spill remediation. The primary scope of this manuscript was to develop
insight into the creation of porous materials from zein. The key novelty to our research lies
in our synthetic method to generate a porous zein material using a particle-stabilized
emulsion template and zein polymer in solution, which has never been reported previously.
We propose conducting trials focused on the drying methods of ZELDA.
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We believe that expanding the drying method using lyophilization (e.g., freeze-drying)
would improve the maximum pore volume of ZELDA.

•

Investigation of ZELDA’s biocompatibility:
In the synthesis of ZELDA, the majority of the materials used are biocompatible.
However, we cannot guarantee that the formed porous materials are biocompatible after
the cross-linking and polymerization with glyoxal. We believe that ZELDA is
biocompatible and that it would likely degrade in the environment since it is primarily
comprised of are the plant-based polymer zein. We propose evaluating the ZELDA
structure using the ASTM WK42833 standard that has been developed for determining
aerobic biodegradation of plastics buried in sandy marine sediment under controlled
laboratory conditions. This trial would give information on the biodegradation (weight
loss) of ZELDA from marine microorganisms over the span of weeks.

•

Pilot and Field Scale testing
An optimized bio-compatible oil adsorbent could play a key role in the future of oil
spill remediation. We believe once further studies suggested above are complete, the
optimized ZELDA could be a competitive adsorbent to that of the currently used synthetics
and could be applied to large-scale applications. The unique characteristic of emulsion
templated ZELDA is that it can be sized and formed for nearly any application. We propose
a small pilot study for the applicability of ZELDA for use in oil adsorbent booms. Initial
trials could be conducted in our home lab using the infinite dilution tank.
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The results could then be used to justify large-scale testing at the Ohmsett National Oil
Spill Response & Renewable Energy Test Facility, located in Leonardo, New Jersey.
There we can conduct large-scale trials and obtain the ASTM F716-18 (Oil Sorbent
Performance) certification to seek further funding.
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Appendix. Figure Data

Table A1. Flaxseed oil calibration curve points and linear regression for UV-vis absorption
spectroscopy using a NanoDropTM 2000 at λ = 230nm, and linear regression (Figure 2.4a)

Table A2. Flaxseed oil functionalization trials for UV-vis absorption (Figure 3.4b)

Table A3. Evaluation of effect of flaxseed oil functionalization on water contact angle of R = 7
(Figure 3.4a)
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Table A4. Evaluation of the effect of R with 100% functionalized ZELDA samples on water and
oil contact angle of R = 0, 5, 7, 10, 15 (Figure 3.4a)

Table A5. ZELDA LSC adsorption isotherm data and Langmuir model fitting for R = 0, and R =
5 (Figure 4.1a)
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Table A6. ZELDA LSC adsorption isotherm data and Langmuir model fitting for R = 7, and R =
10 (Figure 4.1a)

R = 15 Adsorption isotherm (Figure 4.1a)
Amount of oil in equilibrium
Amount of Uptaken Oil
mL
mL/g
0.04676
0.83443
0.07864
1.02632
0.17442
0.96708
0.8657
1.00439
Model
Langmuir_ads (User)
Equation
G=Gmx*K*c/(1+K*c)
Plot
R = 15
K
997.80016 ± 4942.20959
Gmx
1.00508 ± 0.04034
Reduced Chi-Sqr
0.00196
R-Square (COD)
0.99712
Adj. R-Square
0.99568

Table A7. ZELDA LSC adsorption isotherm data and Langmuir model fitting for R = 15 (Figure
4.1a)
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Table A8. ZELDA LSC maximum adsorption isotherm data vs R (Figure 4.1b)

Table A9. ZELDA LSC cyclic regeneration data (Figure 4.3)
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R = 5 Pore distribution isotherm (Figure 3.3e)
Bin Count
Relative Frequency
µm
0
0
2
0
4
0
6
0.04651
8
0.13953
10
0.0814
12
0.18605
14
0.16279
16
0.0814
18
0.09302
20
0.05814
22
0.03488
24
0.03488
26
0.01163
28
0.02326
30
0.01163
32
0.02326
34
0
36
0
38
0.01163
40
0
42
0
44
0
46
0
48
0
50
0
52
0
54
0
56
0
58
0
60
0
62
0
64
0
66
0
68
0

Table A10. ZELDA pore distribution data for R = 5 (Figure 3.3e)
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Table A11. ZELDA pore distribution data for R = 7 (Figure 3.3e)
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R = 10 Pore distribution isotherm (Figure 3.3e)
Bin Count
Relative Frequency
µm
6
0.09334
8
0.113
10
0.04764
12
0.02816
14
0.02462
16
0.01187
18
0.00939
20
0.00531
22
0.00779
24
0.00407
26
0.0039
28
0.00372
30
0.00248
32
0.00443
34
0.00213
36
0.00106
38
0.00106
40
0.00177
42
0.00106
44
0.00283
46
0.00159
48
0.00124
50
5.31E-04
52
5.31E-04
54
8.86E-04
56
0.00106
58
0.00124
60
1.77E-04
62
5.31E-04
64
7.08E-04
66
5.31E-04
68
8.86E-04

Table A12. ZELDA pore distribution data for R = 10 (Figure 3.3e)
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R = 15 Pore distribution isotherm (Figure 3.3e)
Bin Count
Relative Frequency
µm
0
0
2
0.50202
4
0.23128
6
0.08502
8
0.05719
10
0.03441
12
0.02227
14
0.01569
16
0.00962
18
0.0086
20
0.00709
22
0.00202
24
0.00506
26
0.00455
28
0.00253
30
0.00455
32
0.00405
34
0.00253
36
0.00152
38
0
40
0
42
0
44
0
46
0
48
0
50
0
52
0
54
0
56
0
58
0
60
0
62
0
64
0
66
0
68
0

Table A13. ZELDA pore distribution data for R = 15 (Figure 3.3e)

53

References
Abokyi, Eric, Paul Appiah-Konadu, Francis Abokyi, and Eric Fosu Oteng-Abayie. 2019. “Industrial Growth and
Emissions of CO2 in Ghana: The Role of Financial Development and Fossil Fuel Consumption.” Energy Reports
5: 1339–53. https://doi.org/10.1016/j.egyr.2019.09.002.
Ago, Mariko, Siqi Huan, Maryam Borghei, Janne Raula, Esko I. Kauppinen, and Orlando J. Rojas. 2016. “HighThroughput Synthesis of Lignin Particles (∼30 Nm to ∼2 Μm) via Aerosol Flow Reactor: Size Fractionation
and Utilization in Pickering Emulsions.” ACS Applied Materials & Interfaces 8 (35): 23302–10.
https://doi.org/10.1021/acsami.6b07900.
Al-Biloushi, Mohammad I., Henry Milliman, Matthew D. Gawryla, and David A. Schiraldi. 2018. “Oil Absorption
Performance of Polymer/Clay Aerogel Materials.” Journal of Applied Polymer Science 135 (6): 45844.
https://doi.org/10.1002/app.45844.
Anastas, Paul, and Nicolas Eghbali. 2010. “Green Chemistry: Principles and Practice.” Chemical Society Reviews 39
(1): 301–12. https://doi.org/10.1039/b918763b.
Bayat, A., S. F. Aghamiri, A. Moheb, and G. R. Vakili-Nezhaad. 2005. “Oil Spill Cleanup from Sea Water by Sorbent
Materials.” Chemical Engineering & Technology 28 (12): 1525–28. https://doi.org/10.1002/ceat.200407083.
Beyer, Jonny, Hilde C. Trannum, Torgeir Bakke, Peter V. Hodson, and Tracy K. Collier. 2016. “Environmental Effects
of the Deepwater Horizon Oil Spill: A Review.” Marine Pollution Bulletin 110 (1): 28–51.
https://doi.org/10.1016/j.marpolbul.2016.06.027.
Bizmark, Navid, Xiaoyu Du, and Marios A. Ioannidis. 2020. “High Internal Phase Pickering Emulsions as Templates
for a Cellulosic Functional Porous Material.” ACS Sustainable Chemistry and Engineering 8 (9): 3664–72.
https://doi.org/10.1021/acssuschemeng.9b06577.
Board, Safety. 2014. “Collision Between Bulk Carrier Summer Wind and Miss Susan Tow.”
Briggs, Nicholas, Ashwin Kumar Yegya Raman, Lawrence Barrett, Chase Brown, Brian Li, Devlin Leavitt, Clint P.
Aichele, and Steven Crossley. 2018. “Stable Pickering Emulsions Using Multi-Walled Carbon Nanotubes of
Varying Wettability.” Colloids and Surfaces A: Physicochemical and Engineering Aspects 537 (January): 227–
35. https://doi.org/10.1016/j.colsurfa.2017.10.010.
Busby, W., N. R. Cameron, and C. A.B. Jahoda. 2001. “Emulsion-Derived Foams (PolyHIPEs) Containing Poly(SεCaprolactone) as Matrixes for Tissue Engineering.” Biomacromolecules 2 (1): 154–64.
https://doi.org/10.1021/bm0000889.
Busby, Wendy, Neil R. Cameron, and Colin A.B. Jahoda. 2002. “Tissue Engineering Matrixes by Emulsion
Templating.” Polymer International 51 (10): 871–81. https://doi.org/10.1002/pi.934.
Calabrese, Vincenzo, James C. Courtenay, Karen J. Edler, and Janet L. Scott. 2018. “Pickering Emulsions Stabilized
by Naturally Derived or Biodegradable Particles.” Current Opinion in Green and Sustainable Chemistry 12
(Figure 1): 83–90. https://doi.org/10.1016/j.cogsc.2018.07.002.
Carrillo, Jan Michael Y., and Andrey V. Dobrynin. 2012. “Dynamics of Nanoparticle Adhesion.” Journal of Chemical
Physics 137 (21). https://doi.org/10.1063/1.4769389.
Cassie, B D. 1944. “Of Porous Surfaces,” no. 5: 546–51.

54

Chen, Xing, Yan Chen, Liqiang Zou, Xingcai Zhang, Yuqing Dong, Jizhou Tang, David Julian McClements, and Wei
Liu. 2019. “Plant-Based Nanoparticles Prepared from Proteins and Phospholipids Consisting of a Core–
Multilayer-Shell Structure: Fabrication, Stability, and Foamability.” Journal of Agricultural and Food
Chemistry 67 (23): 6574–84. https://doi.org/10.1021/acs.jafc.9b02028.
Chen, Xu Hui, and Chuan He Tang. 2021. “Transparent High Internal Phase Emulsion Gels Stabilized Solely by
Proteins.” Colloids and Surfaces A: Physicochemical and Engineering Aspects 608: 125596.
https://doi.org/10.1016/j.colsurfa.2020.125596.
Cloney, Chris T., Robert C. Ripley, Michael J. Pegg, and Paul R. Amyotte. 2018. “Laminar Burning Velocity and
Structure of Coal Dust Flames Using a Unity Lewis Number CFD Model.” Combustion and Flame 190: 87–
102. https://doi.org/10.1016/j.combustflame.2017.11.010.
Dong, Jian, Qingshen Sun, and Jin Ye Wang. 2004. “Basic Study of Corn Protein, Zein, as a Biomaterial in Tissue
Engineering, Surface Morphology and Biocompatibility.” Biomaterials 25 (19): 4691–97.
https://doi.org/10.1016/j.biomaterials.2003.10.084.
Feng, Yiming, and Youngsoo Lee. 2016. “Surface Modification of Zein Colloidal Particles with Sodium Caseinate to
Stabilize
Oil-in-Water
Pickering
Emulsion.”
Food
Hydrocolloids
56 (May):
292–302.
https://doi.org/10.1016/j.foodhyd.2015.12.030.
Gálvez-Vergara, Ana, Beatriz Fresco-Cala, and Soledad Cárdenas. 2020. “Switchable Pickering Emulsions Stabilized
by Polystyrene-Modified Magnetic Nanoparticles.” Colloids and Surfaces A: Physicochemical and Engineering
Aspects 606 (July): 125462. https://doi.org/10.1016/j.colsurfa.2020.125462.
Ge, Jianlong, Fei Wang, Xia Yin, Jianyong Yu, and Bin Ding. 2018. “Polybenzoxazine-Functionalized Melamine
Sponges with Enhanced Selective Capillarity for Efficient Oil Spill Cleanup.” ACS Applied Materials &
Interfaces 10 (46): 40274–85. https://doi.org/10.1021/acsami.8b14052.
Greenwood, R., and K. Kendall. 1999. “Selection of Suitable Dispersants for Aqueous Suspensions of Zirconia and
Titania Powders Using Acoustophoresis.” Journal of the European Ceramic Society 19 (4): 479–88.
https://doi.org/10.1016/s0955-2219(98)00208-8.
Guan, Hao, Zhiyong Cheng, and Xiaoqing Wang. 2018. “Highly Compressible Wood Sponges with a Spring-like
Lamellar
Structure
as
Effective
and
Reusable
Oil
Absorbents.”
ACS
Nano.
https://doi.org/10.1021/acsnano.8b05763.
Gupta, Deeksha, Bivas Sarker, Keith Thadikaran, Vijay John, Charles Maldarelli, and George John. 2015. “Sacrificial
Amphiphiles: Eco-Friendly Chemical Herders as Oil Spill Mitigation Chemicals.” Science Advances 1 (5):
e1400265. https://doi.org/10.1126/sciadv.1400265.
Holley, Nathan P., Jin Gyun Lee, Kalliat T. Valsaraj, and Bhuvnesh Bharti. 2021. “Synthesis and Characterization of
ZEin-Based Low Density Porous Absorbent (ZELDA) for Oil Spill Recovery.” Colloids and Surfaces A:
Physicochemical
and
Engineering
Aspects
614
(January):
126148.
https://doi.org/10.1016/j.colsurfa.2021.126148.
Huerta Lwanga, Esperanza, Jorge Mendoza Vega, Victor Ku Quej, Jesus de los Angeles Chi, Lucero Sanchez del Cid,
Cesar Chi, Griselda Escalona Segura, et al. 2017. “Field Evidence for Transfer of Plastic Debris along a
Terrestrial Food Chain.” Scientific Reports 7 (1): 14071. https://doi.org/10.1038/s41598-017-14588-2.
Ikem, Vivian O., Angelika Menner, and Alexander Bismarck. 2010. “High-Porosity Macroporous Polymers
Sythesized from Titania-Particle- Stabilized Medium and High Internal Phase Emulsions.” Langmuir 26 (11):
8836–41. https://doi.org/10.1021/la9046066.
Jernelv, Arne. 2010. “The Threats from Oil Spills: Now, Then, and in the Future.” Ambio 39 (6): 353–66.
https://doi.org/10.1007/s13280-010-0085-5.

55

Johnson, Christopher D., and Fred Worrall. 2007. “Novel Low Density Granular Adsorbents - Properties of a
Composite Matrix from Zeolitisation of Vermiculite.” Chemosphere 68 (6): 1153–62.
https://doi.org/10.1016/j.chemosphere.2007.01.049.
Kim, Kyuhan, Subeen Kim, Jiheun Ryu, Jiyoon Jeon, Se Gyu Jang, Hyunjun Kim, Dae Gab Gweon, et al. 2017.
“Processable High Internal Phase Pickering Emulsions Using Depletion Attraction.” Nature Communications
8: 1–8. https://doi.org/10.1038/ncomms14305.
Kliegman, Jonathan M., and Robert K. Barnes. 1973. “Glyoxal Derivatives. V. Reaction of Alcohols with Glyoxal.”
Journal of Organic Chemistry 38 (3): 556–60. https://doi.org/10.1021/jo00943a031.
Langmuir, Irving. 1917. “THE CONSTITUTION AND FUNDAMENTAL PROPERTIES OF SOLIDS AND
LIQUIDS. II. LIQUIDS. 1.” Journal of the American Chemical Society 39 (9): 1848–1906.
https://doi.org/10.1021/ja02254a006.
Laredj-Bourezg, Faiza, Marie Alexandrine Bolzinger, Jocelyne Pelletier, and Yves Chevalier. 2017. “Pickering
Emulsions Stabilized by Biodegradable Block Copolymer Micelles for Controlled Topical Drug Delivery.”
International Journal of Pharmaceutics 531 (1): 134–42. https://doi.org/10.1016/j.ijpharm.2017.08.065.
Law, Kara, and Richard C. Thompson. 2014. “Microplastics in the Seas - Concern Is Rising about Widespread
Contamination of the Marine Environment by Microplastics.” Science 345 (6193): 144–45.
https://doi.org/10.1002/2014EF000240/polymer.
Lee, Jin Gyun, Luke L. Larive, Kalliat T. Valsaraj, and Bhuvnesh Bharti. 2018. “Binding of Lignin Nanoparticles at
Oil-Water Interfaces: An Ecofriendly Alternative to Oil Spill Recovery.” ACS Applied Materials and Interfaces
10 (49): 43282–89. https://doi.org/10.1021/acsami.8b17748.
Lian, He, Xue Liu, and Zhaoxu Meng. 2019. “Enhanced Mechanical and Osteogenic Differentiation Performance of
Hydroxyapatite/Zein Composite for Bone Tissue Engineering.” Journal of Materials Science 54 (1): 719–29.
https://doi.org/10.1007/s10853-018-2796-0.
Liu, Qingqing, He Huang, Honghong Chen, Junfan Lin, and Qin Wang. 2019. “Food-Grade Nanoemulsions:
Preparation, Stability and Application in Encapsulation of Bioactive Compounds.” Molecules 24 (23): 1–37.
https://doi.org/10.3390/molecules24234242.
Low, Liang Ee, Sangeetaprivya P. Siva, Yong Kuen Ho, Eng Seng Chan, and Beng Ti Tey. 2020. “Recent Advances
of Characterization Techniques for the Formation, Physical Properties and Stability of Pickering Emulsion.”
Advances in Colloid and Interface Science 277: 102117. https://doi.org/10.1016/j.cis.2020.102117.
Lu, Shuo, Dongjie Yang, Miao Wang, Mengzhen Yan, Yong Qian, Dafeng Zheng, and Xueqing Qiu. 2020. “Pickering
Emulsions Synergistic-Stabilized by Amphoteric Lignin and SiO2 Nanoparticles: Stability and PH-Responsive
Mechanism.” Colloids and Surfaces A: Physicochemical and Engineering Aspects 585: 124158.
https://doi.org/10.1016/j.colsurfa.2019.124158.
Ludwig, Frank, Olga Kazakova, Luis Fernández Barquín, Andrea Fornara, Lutz Trahms, Uwe Steinhoff, Peter
Svedlindh, et al. 2014. “Magnetic, Structural, and Particle Size Analysis of Single- and Multi-Core Magnetic
Nanoparticles.” IEEE Transactions on Magnetics 50 (11): 4–7. https://doi.org/10.1109/TMAG.2014.2321456.
Ma, Yingzhen, Yao Wu, Jin Gyun Lee, Lilin He, Gernot Rother, Anne Laure Fameau, William A. Shelton, and
Bhuvnesh Bharti. 2020. “Adsorption of Fatty Acid Molecules on Amine-Functionalized Silica Nanoparticles:
Surface
Organization
and
Foam
Stability.”
Langmuir
36
(14):
3703–12.
https://doi.org/10.1021/acs.langmuir.0c00156.
Malm, Alexander V., and Jason C.W. Corbett. 2019. “Improved Dynamic Light Scattering Using an Adaptive and
Statistically Driven Time Resolved Treatment of Correlation Data.” Scientific Reports 9 (1): 1–11.
https://doi.org/10.1038/s41598-019-50077-4.

56

McClements, David Julian, and Seid Mahdi Jafari. 2018. “Improving Emulsion Formation, Stability and Performance
Using Mixed Emulsifiers: A Review.” Advances in Colloid and Interface Science 251: 55–79.
https://doi.org/10.1016/j.cis.2017.12.001.
Momany, Frank A., David J. Sessa, John W. Lawton, Gordon W. Selling, Sharon A.H. Hamaker, and Julious L.
Willett. 2006. “Structural Characterization of α-Zein.” Journal of Agricultural and Food Chemistry 54 (2): 543–
47. https://doi.org/10.1021/jf058135h.
National Academies of Sciences, Engineering. 2019. The Use of Dispersants in Marine Oil Spill Response. Edited by
The National Academies Press. The Use of Dispersants in Marine Oil Spill Response. Washington, DC.
https://doi.org/10.17226/25161.
Nikkhah, Amir Ahmad, Hamid Zilouei, Ahmad Asadinezhad, and Alireza Keshavarz. 2015. “Removal of Oil from
Water Using Polyurethane Foam Modified with Nanoclay.” Chemical Engineering Journal 262 (February):
278–85. https://doi.org/10.1016/j.cej.2014.09.077.
Omarova, Marzhana, Lauren T. Swientoniewski, Igor Kevin Mkam Tsengam, Diane A. Blake, Vijay John, Alon
McCormick, Geoffrey D. Bothun, Srinivasa R. Raghavan, and Arijit Bose. 2019. “Biofilm Formation by
Hydrocarbon-Degrading Marine Bacteria and Its Effects on Oil Dispersion.” ACS Sustainable Chemistry and
Engineering 7 (17): 14490–99. https://doi.org/10.1021/acssuschemeng.9b01923.
Paraman, Ilankovan, and Buddhi P. Lamsal. 2011. “Recovery and Characterization of α-Zein from Corn Fermentation
Coproducts.” Journal of Agricultural and Food Chemistry 59 (7): 3071–77. https://doi.org/10.1021/jf104529c.
Pavía-Sanders, Adriana, Shiyi Zhang, Jeniree A. Flores, Jonathan E. Sanders, Jeffery E. Raymond, and Karen L.
Wooley. 2013. “Robust Magnetic/Polymer Hybrid Nanoparticles Designed for Crude Oil Entrapment and
Recovery in Aqueous Environments.” ACS Nano 7 (9): 7552–61. https://doi.org/10.1021/nn401541e.
Pedram Rad, Zahra, Javad Mokhtari, and Marjan Abbasi. 2018. “Fabrication and Characterization of PCL/Zein/Gum
Arabic Electrospun Nanocomposite Scaffold for Skin Tissue Engineering.” Materials Science and Engineering
C 93 (January): 356–66. https://doi.org/10.1016/j.msec.2018.08.010.
Pham, Viet Hung, and James H. Dickerson. 2014. “Superhydrophobic Silanized Melamine Sponges as High
Efficiency Oil Absorbent Materials.” ACS Applied Materials and Interfaces 6 (16): 14181–88.
https://doi.org/10.1021/am503503m.
Pradilla, Diego, Sébastien Simon, Johan Sjöblom, Joseph Samaniuk, Marta Skrzypiec, and Jan Vermant. 2016.
“Sorption and Interfacial Rheology Study of Model Asphaltene Compounds.” Langmuir 32 (12): 2900–2911.
https://doi.org/10.1021/acs.langmuir.6b00195.
Prakash, Om, and Dev Gnawali. 2003. “Dynamic Aspects of Emulsion Stablity.” Rice University, no. December.
Prata, Joana Correia, João P. da Costa, Isabel Lopes, Armando C. Duarte, and Teresa Rocha-Santos. 2020.
“Environmental Exposure to Microplastics: An Overview on Possible Human Health Effects.” Science of the
Total Environment 702: 134455. https://doi.org/10.1016/j.scitotenv.2019.134455.
Ravikrishna, R., R. Green, and K. T. Valsaraj. 2005. “Polyaphrons as Templates for the Sol-Gel Synthesis of
Macroporous Silica.” Journal of Sol-Gel Science and Technology 34 (2): 111–22.
https://doi.org/10.1007/s10971-005-1329-x.
Ravikrishna, R., M. Ren, and K. T. Valsaraj. 2006. “Low-Temperature Synthesis of Porous Hydroxyapatite Scaffolds
Using Polyaphron Templates.” Journal of Sol-Gel Science and Technology 38 (2): 203–10.
https://doi.org/10.1007/s10971-006-6472-5.
Release, F O R Immediate. 2019. “Multi-Day Measurements Indicate Sustained Exposure to High Levels of Benzene.”

57

Ruckenstein, E., and J. S. Park. 1990. “The Separation of Water–Ethanol Mixtures by Pervaporation through
Hydrophilic—Hydrophobic Composite Membranes.” Journal of Applied Polymer Science 40 (1–2): 213–20.
https://doi.org/10.1002/app.1990.070400117.
Rueden, Curtis T., Johannes Schindelin, Mark C. Hiner, Barry E. DeZonia, Alison E. Walter, Ellen T. Arena, and
Kevin W. Eliceiri. 2017. “ImageJ2: ImageJ for the next Generation of Scientific Image Data.” BMC
Bioinformatics 18 (1): 1–26. https://doi.org/10.1186/s12859-017-1934-z.
Santosa, F. X.Budi, and Graciela Wild Padua. 1999. “Tensile Properties and Water Absorption of Zein Sheets
Plasticized with Oleic and Linoleic Acids.” Journal of Agricultural and Food Chemistry 47 (5): 2070–74.
https://doi.org/10.1021/jf981154p.
Sayyad Amin, Javad, Majid Vared Abkenar, and Sohrab Zendehboudi. 2015. “Natural Sorbent for Oil Spill Cleanup
from Water Surface: Environmental Implication.” Industrial and Engineering Chemistry Research 54 (43):
10615–21. https://doi.org/10.1021/acs.iecr.5b01715.
Schulz, Horst. 1996. “Oxidation of Fatty Acids.” In New Comprehensive Biochemistry, 31:75–99. Elsevier Masson
SAS. https://doi.org/10.1016/S0167-7306(08)60510-4.
Sebba, Felix. 1987. Foams and Biliquid Foams, Aphrons. Edited by Chichester West Sussex. New York: Wiley.
Shi, Weida, and Marie Josée Dumont. 2014. “Review: Bio-Based Films from Zein, Keratin, Pea, and Rapeseed Protein
Feedstocks.” Journal of Materials Science 49 (5): 1915–30. https://doi.org/10.1007/s10853-013-7933-1.
Shukla, Rishi, and Munir Cheryan. 2001. “Zein: The Industrial Protein from Corn.” Industrial Crops and Products 13
(3): 171–92. https://doi.org/10.1016/S0926-6690(00)00064-9.
Silverstein, Michael S. 2014a. “PolyHIPEs: Recent Advances in Emulsion-Templated Porous Polymers.” Progress in
Polymer Science 39 (1): 199–234. https://doi.org/10.1016/j.progpolymsci.2013.07.003.
Silverstein, Michael S. 2014b. “Progress in Polymer Science PolyHIPEs : Recent Advances in Emulsion-Templated
Porous Polymers” 39: 199–234.
Slomkowski, Stanislaw, José V. Alemán, Robert G. Gilbert, Michael Hess, Kazuyuki Horie, Richard G. Jones,
Przemyslaw Kubisa, et al. 2011. “Terminology of Polymers and Polymerization Processes in Dispersed Systems
(IUPAC Recommendations 2011).” Pure and Applied Chemistry 83 (12): 2229–59.
https://doi.org/10.1351/PAC-REC-10-06-03.
Sun, Mengmeng, Weinan Chen, Xinjian Fan, Chenyao Tian, Lining Sun, and Hui Xie. 2020. “Cooperative Recyclable
Magnetic Microsubmarines for Oil and Microplastics Removal from Water.” Applied Materials Today 20
(September): 100682. https://doi.org/10.1016/j.apmt.2020.100682.
Sun, Zhenhua, Lifens Wang, Pinepine Liu, Shichao Wang, Bo Sun, Dazhen Jiang, and Feng Shou Xiao. 2006.
“Magnetically Motive Porous Sphere Composite and Its Excellent Properties for the Removal of Pollutants in
Water by Adsorption and Desorption Cycles.” Advanced Materials 18 (15): 1968–71.
https://doi.org/10.1002/adma.200600337.
Turasan, Hazal, Emma A. Barber, Morgan Malm, and Jozef L. Kokini. 2018. “Mechanical and Spectroscopic
Characterization of Crosslinked Zein Films Cast from Solutions of Acetic Acid Leading to a New Mechanism
for the Crosslinking of Oleic Acid Plasticized Zein Films.” Food Research International 108 (March): 357–67.
https://doi.org/10.1016/j.foodres.2018.03.063.
Vemula, Praveen Kumar, and George John. 2008. “Crops: A Green Approach toward Self-Assembled Soft Materials
- Accounts of Chemical Research (ACS Publications).” Accounts of Chemical Research 41 (6): 769–82.
http://pubs.acs.org/doi/full/10.1021/ar7002682#.

58

Venkateswara Rao, A., Nagaraja D. Hegde, and Hiroshi Hirashima. 2007. “Absorption and Desorption of Organic
Liquids in Elastic Superhydrophobic Silica Aerogels.” Journal of Colloid and Interface Science 305 (1): 124–
32. https://doi.org/10.1016/j.jcis.2006.09.025.
Vogt, Lena, Liliana Liverani, Judith A. Roether, and Aldo R. Boccaccini. 2018. “Electrospun Zein Fibers
Incorporating Poly(Glycerol Sebacate) for Soft Tissue Engineering.” Nanomaterials 8 (3): 1–16.
https://doi.org/10.3390/nano8030150.
Wang, Dandi, Shengnan Tao, Shou Wei Yin, Yajuan Sun, and Yunxing Li. 2020. “Facile Preparation of Zein
Nanoparticles with Tunable Surface Hydrophobicity and Excellent Colloidal Stability.” Colloids and Surfaces
A:
Physicochemical
and
Engineering
Aspects
591
(December
2019):
124554.
https://doi.org/10.1016/j.colsurfa.2020.124554.
Wang, Guowei, and Hiroshi Uyama. 2016. “Facile Synthesis of Flexible Macroporous Polypropylene Sponges for
Separation of Oil and Water.” Scientific Reports 6 (1): 21265. https://doi.org/10.1038/srep21265.
Wang, Jintao, Yian Zheng, and Aiqin Wang. 2012. “Superhydrophobic Kapok Fiber Oil-Absorbent: Preparation and
High
Oil
Absorbency.”
Chemical
Engineering
Journal
213
(December):
1–7.
https://doi.org/10.1016/j.cej.2012.09.116.
Wang, Li Juan, Ye Chong Yin, Shou Wei Yin, Xiao Quan Yang, Wei Jian Shi, Chuan He Tang, and Jin Mei Wang.
2013. “Development of Novel Zein-Sodium Caseinate Nanoparticle (ZP)-Stabilized Emulsion Films for
Improved Water Barrier Properties via Emulsion/Solvent Evaporation.” Journal of Agricultural and Food
Chemistry 61 (46): 11089–97. https://doi.org/10.1021/jf4029943.
Wang, Qin, and Graciela W. Padua. 2005. “Properties of Zein Films Coated with Drying Oils.” Journal of Agricultural
and Food Chemistry 53 (9): 3444–48. https://doi.org/10.1021/jf047994n.
Wang, Ruoyu, Wei Li, Rui Lu, Junxia Peng, Xiaoyan Liu, Kaiqiang Liu, and Haonan Peng. 2020. “A Facile Synthesis
of Cationic and Super-Hydrophobic PolyHIPEs as Precursors to Carbon Foam and Adsorbents for Removal of
Non-Aqueous-Phase Dye.” Colloids and Surfaces A: Physicochemical and Engineering Aspects 605 (May):
125334. https://doi.org/10.1016/j.colsurfa.2020.125334.
Wang, Ying, and Graciela W. Padua. 2003. “Tensile Properties of Extruded Zein Sheets and Extrusion Blown Films.”
Macromolecular Materials and Engineering 288 (11): 886–93. https://doi.org/10.1002/mame.200300069.
Yang, Rui Xia, Ting Ting Wang, and Wei Qiao Deng. 2015. “Extraordinary Capability for Water Treatment Achieved
by a Perfluorous Conjugated Microporous Polymer.” Scientific Reports 5 (April): 1–9.
https://doi.org/10.1038/srep10155.
Yin, Juntao, Cuiyu Xiang, Peiqing Wang, Yuyun Yin, and Yantao Hou. 2017. “Biocompatible Nanoemulsions Based
on Hemp Oil and Less Surfactants for Oral Delivery of Baicalein with Enhanced Bioavailability.” International
Journal of Nanomedicine 12: 2923–31. https://doi.org/10.2147/IJN.S131167.
Yin, Ye-Chong, Shao-Hong Wen, Chuan-He Tang, Shou-Wei Yin, Kang-Kang Li, and Xiao-Quan Yang. 2013.
“Preparation of Water-Soluble Antimicrobial Zein Nanoparticles by a Modified Antisolvent Approach and Their
Characterization.”
Journal
of
Food
Engineering
119
(2):
343–52.
https://doi.org/10.1016/j.jfoodeng.2013.05.038.
Zhang, Aijuan, Mingjie Chen, Can Du, Huizhang Guo, Hua Bai, and Lei Li. 2013. “Poly(Dimethylsiloxane) Oil
Absorbent with a Three-Dimensionally Interconnected Porous Structure and Swellable Skeleton.” ACS Applied
Materials and Interfaces 5 (20): 10201–6. https://doi.org/10.1021/am4029203.
Zhang, Chunjian, Wei Zhou, Qinghui Wang, Hongbin Wang, Yong Tang, and K. S. Hui. 2013. “Comparison of Static
Contact Angle of Various Metal Foams and Porous Copper Fiber Sintered Sheet.” Applied Surface Science 276:
377–82. https://doi.org/10.1016/j.apsusc.2013.03.101.

59

Zhang, Hui, Yuqi Li, Zexiang Lu, Lihui Chen, Liulian Huang, and Mizi Fan. 2017. “A Robust Superhydrophobic
TiO2NPs Coated Cellulose Sponge for Highly Efficient Oil-Water Separation.” Scientific Reports 7 (1): 3–10.
https://doi.org/10.1038/s41598-017-09912-9.
Zhang, Tao, Rajashekharayya A. Sanguramath, Sima Israel, and Michael S. Silverstein. 2019. “Emulsion Templating:
Porous
Polymers
and
Beyond.”
Macromolecules
52
(15):
5445–79.
https://doi.org/10.1021/acs.macromol.8b02576.
Zhang, Tao, Yan Zhao, and Michael S. Silverstein. 2020. “Cellulose-Based, Highly Porous Polyurethanes Templated
within
Non-Aqueous
High
Internal
Phase
Emulsions.”
Cellulose
27
(7):
4007–18.
https://doi.org/10.1007/s10570-020-03059-z.
Zhang, Yongmin, Shuang Guo, Wentao Wu, Zhirong Qin, and Xuefeng Liu. 2016. “CO 2 -Triggered Pickering
Emulsion Based on Silica Nanoparticles and Tertiary Amine with Long Hydrophobic Tails.” Langmuir 32 (45):
11861–67. https://doi.org/10.1021/acs.langmuir.6b03034.
Zhang, Yuying, Yan Yang, and Kai Tang. 2007. “Physicochemical Characterization and Antioxidant Activity of
Quercetin-Loaded Chitosan Nanoparticles Yuying.” Polymers and Polymer Composites 21 (7): 449–56.
https://doi.org/10.1002/app.
Zhu, Qing, Feng Tao, and Qinmin Pan. 2010. “Fast and Selective Removal of Oils from Water Surface via Highly
Hydrophobic Core-Shell Fe2O3@C Nanoparticles under Magnetic Field.” ACS Applied Materials and
Interfaces 2 (11): 3141–46. https://doi.org/10.1021/am1006194.
Zhu, Yun, Shengmiao Zhang, Ye Hua, Heng Zhang, and Jianding Chen. 2014. “Synthesis of Latex Particles with a
Complex Structure as an Emulsifier of Pickering High Internal Phase Emulsions.” Industrial and Engineering
Chemistry Research 53 (12): 4642–49. https://doi.org/10.1021/ie404009x.
Zou, Yuan, Jian Guo, Shou Wei Yin, Jin Mei Wang, and Xiao Quan Yang. 2015. “Pickering Emulsion Gels Prepared
by Hydrogen-Bonded Zein/Tannic Acid Complex Colloidal Particles.” Journal of Agricultural and Food
Chemistry 63 (33): 7405–14. https://doi.org/10.1021/acs.jafc.5b03113.

60

Vita
Education
Master of Science: Cain Department of Chemical Engineering, Louisiana State University, Baton
Rouge, LA. Master’s Thesis: Emulsion Templating Application for Synthesis of a Porous Zein
Biocompatible Oil Adsorbent. Advisor: Dr. Kalliat T. Valsaraj, and Dr. Bhuvnesh Bharti May
2021.
Bachelors of Science: Cain Department of Chemical Engineering, Louisiana State University,
Baton Rouge, LA May 2021.

Publications
Holley, Nathan P., Jin Gyun Lee, Kalliat T. Valsaraj, and Bhuvnesh Bharti. 2021. “Synthesis and
Characterization of ZEin-Based Low Density Porous Absorbent (ZELDA) for Oil Spill
Recovery.” Colloids and Surfaces A: Physicochemical and Engineering Aspects 614
(January): 126148. https://doi.org/10.1016/j.colsurfa.2021.126148.

61

